The paradigm for the control of feeding behavior has changed significantly. Research has shown that leptin, in the presence of CCK, may mediate the control of short-term food intake. This interaction between CCK and leptin occurs at the vagus nerve. In the present study, we aimed to characterize the interaction between CCK and leptin in the vagal primary afferent neurons.
Introduction
The presence of CCK receptors in the rat vagus nerve has been confirmed using in vitro receptor autoradiography (40) . The vagal CCK receptors were determined to be predominantly type A (23) , as the CCK-A receptor antagonist L-364,718 completely abolished 125 I-CCK binding and nonsulfated CCK had no effect. Electrophysiological studies in rats and ferrets provided functional evidence of CCK stimulation of vagal afferent pathways (3, 17) . Li et al. (17) recorded the unitary activities of sensory vagal neurons using microelectrodes implanted in rat nodose ganglia. CCK infusion at 40 pmol/kg per hour, which mimics postprandial levels, evoked a marked increase in neuronal discharge over basal (17) . Similar studies in ferrets (3) showed that mucosal vagal afferent fibers from the duodenum are highly sensitive to CCK-8.
Similar to CCK-A receptors in rat pancreatic acini, vagal CCK receptors exist in both low-and high-affinity states (18) . Currently, it is not known whether the CCK receptors at these two sites (i.e., pancreatic acini and vagus nerve) represent distinct proteins or different affinity states of the same receptor protein. Vagal high-affinity CCK receptors appear to be important in the mediation of postprandial pancreatic enzyme secretion (11) , whereas low-affinity CCK receptors are involved in regulating short-term satiety (38) . Using a rat model with a pancreaticbiliary cannula, Li et al. studied the effects of the CCK analogue CCK-JMV-180 (JMV-180) on exocrine pancreatic secretion (11) . JMV-180, which acts as an agonist on high-affinity CCK receptors and an antagonist on low-affinity CCK receptors, was used to identify the vagal CCK affinity states involved in the mediation of the vagal afferent response to endogenously released CCK evoked by the diversion of bile-pancreatic juice in rats (18) . JMV-180 failed to block the pancreatic response to physiological doses of CCK-8. Further, it enhanced, rather than inhibited, pancreatic protein secretion in response to intraduodenal administration of 18% casein, which had been shown to release endogenous CCK. These observations indicate that both exogenous and endogenous CCK evoke pancreatic secretion by acting on high-affinity CCK receptors. On the other hand, Wheatherford et al. (38) demonstrated that JMV-180 dose-dependently reversed the effect of CCK-8 on satiety, suggesting that the anorexic activity of CCK is mediated through an interaction with the low-affinity CCK receptor site. Hence, it appears that different affinity states of the vagal CCK-A receptors (CCKAR) mediate different digestive functions.
The long form of the leptin receptor (OB-Rb) has been found in a subpopulation of vagal afferent neurons (6, 7, 28) . Extracellular recording of vagal afferent fibers has revealed that exogenous leptin alters the firing rate of these fibers and, further, there may be a cooperative activation of these fibers by CCK and leptin (37) . Functional studies have shown that leptin interacts with CCK to regulate food intake and body mass. For example, leptin-induced reduction of body weight was enhanced when CCK was coadministered with leptin (20) . In addition, administration of leptin facilitated CCK-induced reduction of meal size (1) and total daily caloric intake (21) . These studies clearly indicate that CCK interacts with leptin at the level of the vagal afferent neurons to control food intake and body weight. It is conceivable that CCK and leptin may act separately on the nodose ganglia to regulate pancreatic secretion and body weight, respectively; and further, they may act synergistically to stimulate a specific population of vagal primary afferent neurons to regulate short-term satiety. In the current investigation, we performed electrophysiological and immunohistochemical studies in rats to determine the distribution pattern of high-and low-affinity CCKAR and leptin receptors on the vagal nodose neurons. We found that both low-and high-affinity CCKAR are expressed in different nodose ganglia neurons. Many of the nodose neurons bearing low-affinity CCKAR also expressed OB-branches of the vagus nerve. These stimulating electrodes were loosely sutured to the esophagus to limit displacement. At the end of each experiment, an overdose of anesthetic was administered to kill the animals. All experimental procedures were approved by the University Committee on Use and Care of Animals at the University of Michigan.
Recording of single nodose neuronal activity
Rats were placed in a small Kopf animal stereotaxic frame. Rectal temperature was maintained with a special heating pad. The right nodose ganglion was exposed by a short dorsal approach.
Using an operating microscope, the ganglion sheath was removed and separated from the adjacent cervical sympathetic trunk and carotid artery. Protease (type XIV, 0.3 mg/mL) was applied to the ganglion for 15 min to facilitate the removal of the ganglion sheath. In this process little or no protease came into contact with the nodose neuron and should not affect the expression or function of the CCK or leptin receptors. The recording microelectrodes were pulled from glass capillaries (A-M Systems, Everett, WA) using a micropipette puller and microelectrode beveler to obtain tips which yielded a resistance of 50-70 ΜΩ. The beveled glass micropipette filled with 1.0 M KCl was lowered into the nodose ganglion. Once a nodose ganglion neuron activated by the electrical vagal stimulation was identified, the responses of that neuron to intraarterial injections of CCK-8 and leptin were examined. A reference electrode was placed on a skin incision near the recording electrode. Only gastrointestinal C-fibers were recorded; these were identified according to the following parameters measured in response to electrical stimulation of the abdominal vagus nerve: latency, 60-80 ms; conduction distance between the stimulating electrode and the nodose ganglion, 0.06 m; and conduction velocity, <1.0 m/s. Extracellular recordings of the neuronal discharges were amplified by an A-M System high-input impedance preamplifier, monitored with an oscilloscope and audio monitor, and displayed and stored on an IBM-compatible computer using Axon software. Following 30 min of stabilization period, the basal discharge was monitored for 2 min to confirm the stability of the basal firing frequency. Consistent monitoring of each neuron was ensured by careful study of the firing pattern produced by each neuron and also by studying the amplitude and waveform of each spike. This recording technique has been well established in our previous studies (14, 16, 18, 42) .
Vagal nodose neuronal responses to CCK-8 and leptin
The superior pancreaticoduodenal artery, which mainly supplies the duodenum, was cannulated.
The common hepatic artery was exposed and temporarily ligated. The gastroduodenal artery was punctured at its junction with the common hepatic artery. The catheter was inserted and threaded into the superior pancreaticoduodenal artery about 0.5 cm past the gastroepiploic artery. The catheter was fixed in place with a suture, and the puncture hole was sealed with cyanoacrylate were tested for their responses to intraluminal perfusion of 5-HT and gastric distention as described below.
Mucosal vagal afferent fibers vs. muscle tension receptors
Nodose ganglion neurons that respond to intraarterial infusion of CCK-8 and leptin may innervate the muscle layer and/or the mucosa. It is well recognized that nodose ganglion neurons that respond to distention innervate the muscle layer, whereas those that respond to intestinal chemostimulation (e.g., 5-HT) innervate the mucosa (16) . In the present study, to characterize the nodose neurons activated by CCK-8/leptin, we examined the responses of CCK-8/leptinsensitive neurons to gastric distention and luminal perfusion of 5-HT using previously described methods (16) . Balloons for gastric distention were placed surgically. A 1.5-to 2.0-cm-long left lateral epigastric incision was made to expose the stomach. Latex balloons (2.0-2.5 cm diameter)
were inserted through the fundus into stomach. The polyethylene tubing for balloon inflation was exteriorated at the back of the neck. The stomach was filled with prewarmed saline to generate a baseline pressure of 3 mmHg. To identify nodose neurons that were sensitive to mechanical distension, a distention control device was used to evoke a distention pressure of 60 mmHg. Jolla, CA). P < 0.01 was considered statistically significant.
Immunocytochemistry
Tissue preparation. Immunocytochemistry studies were performed as described previously (14 In our studies, we counted every fifth section which are 50 µM apart. This is greater than the diameter (20-30 µM) of most neurons in the rat nodose ganglion. This would greatly diminish double counting errors. To be counted as either a c-Fos-positive or an unlabeled neuron, the nucleus had to be clearly visible; therefore, fractions of labeled neurons that did not contain a nucleus were not counted. Each section was counted a minimum of two times: the first by the primary investigator; the second, a blind count by an independent observer. Data were presented as means ± SE and evaluated with a one-way analysis of variance (ANOVA). Of the data from 56 rats, data from 2 rats were not used in the final analysis because of problems encountered with sectioning on immunocytochemical processing. sec, respectively (Fig. 2) . These neurons were not activated by CCK-8 (up to 120 pmol) (Fig. 2) .
Results

Effects
Of these 22 neurons, 10 responded to gastric distention (Fig. 2) and the remaining 12 responded to luminal 5-HT. Group 3 neurons (36 neurons) responded to both CCK-8 (120 pmol) and leptin (Fig. 3) . Of these 36 neurons, 30 neurons were activated by gastric distention (Fig. 3) but not luminal 5-HT.
Interaction between CCK-8 and leptin
In separate studies, data were collected from 108 recordings of single nodose ganglia neurons (Fig. 4, Fig. 6 ). The total increase in neuronal discharge was greater than the sum of neuronal discharges stimulated by CCK-8 (23 ± 2 impulses per 20 s) and leptin (18 ± 0.5 impulses per 20 s) alone (Fig. 4, Fig. 6 ), suggesting a potentiation effect between these two peptides on vagal nodose neuronal activities. All these neurons responded to gastric distention ( (Fig. 5E,   6 ). The mean discharge frequency of nodose ganglia neurons in response to CCK-8, leptin, and CCK-8 plus leptin is presented in Figure 6 . To rule out the possibility that the inhibitory action of JMV-180 is due to desensitization we showed that administration of CCK-8 (120 pmol)
instead of JMV-180 (5.0 µg) did not cause a reduction of neuronal firing evoked by a combination of CCK-8 plus leptin (Fig 5F) .
Expression of CCKAR and OB-Rb in rat nodose ganglion
Double immunofluorescence labeling was performed to examine the expression of CCKAR and OB-Rb in the rat nodose ganglion (n = 3). Representative images are shown in Fig. 7A -C. About 74% neurons were immunoreactive to either CCKAR or OB-Rb. Among the total ganglion neurons, 37.2 ± 3.5% expressed CCKAR, 18.0 ± 5.6% expressed OB-Rb, and 18.7 ± 2.8%
expressed both CCKAR and OB-Rb (Fig. 7A-D) .
Effects of JMV-180 on CCK-and leptin-induced c-Fos expression in rat nodose ganglion
First, we examined the c-Fos expression in the rat nodose ganglion treated with CCK-8 and leptin. A group of rats (n = 3) were given an intraperitoneal (IP) injection of CCK-8 and leptin at doses of 3.5 µg/kg and 120 µg/kg, respectively. These doses of CCK-8 and leptin were used previously by other investigators to demonstrate synergistic interaction between leptin and CCK to reduce short-term food intake in lean mice (1). The rats were sacrificed 60 min after the injection. c-Fos-IR neurons in the nodose ganglion that exhibited immunoreactivity for either CCKAR or OB-Rb were determined by triple immunostaining (Fig. 8A) . The CCK-8 and leptin injection produced c-Fos expression in 13.7 ± 1.1% of the total ganglion neurons. Among these c-Fos-positive neurons, 3.2 ± 0.3% expressed CCKAR, 1.5 ± 0.3% expressed OB-Rb, and 6.1 ± 0.6% expressed both CCKAR and OB-Rb (Fig. 8A-C) .
We next examined the effects of JMV-180 on c-Fos expression evoked by CCK-8 and leptin in the nodose ganglia. In this group of rats (n = 3), JMV-180 (350 µg/kg, IP) was given 15 min before a combined injection of CCK-8 (3.5 µg/kg, IP) and leptin (120 µg/kg, IP). The animals were sacrificed for immunostaining 60 min after the injection of CCK-8 and leptin.
Administration of JMV-180 did not affect the immunostaining of CCKAR and OB-Rb (data not shown). Microphotograph images of triple fluorescence labeling are shown in Fig. 8A and B.
However, the percentage of total vagal nodose ganglia neurons that exhibited c-Fos-IR in response to CCK-8/leptin administration was significantly decreased in rats treated with JMV-180 (Fig. 8) .
CCK-8 (3.5 µg/kg) and leptin (120 µg/kg) induced c-Fos expression in 13.7 ± 1.1% of the total ganglia neurons. JMV-180 (350 µg/kg, IP) reduced c-Fos expression to 4.9 ± 1.0% (Fig.   8C) . Specifically, JMV-180 significantly suppressed c-Fos expression in neurons expressing CCKAR (1.0 ± 0.2% vs. 3.2 ± 0.3%; P = 0.0073) and those expressing both CCK-AR and OBRb (1.2 ± 0.2% vs. 6.1 ± 0.6%; P = 0.0085), but not in neurons expressing OB-Rb (1.5 ± 0.3% vs 1.1 ± 0.3%; P = 0.290). Similarly, JMV-180 had no effect on c-Fos expression in neurons expressing neither CCKAR nor OB-Rb (2.8 ± 0.8% vs 1.7 ± 0.4%; P = 0.30).
Discussion
Both CCK and leptin are important satiety factors mediating eating behavior and regulating body weight. In the rodents, numerous studies demonstrated that leptin is a key signaling molecule responsible for long-term satiety and energy balance. Mutations that cause defective leptin secretion or abnormal leptin receptor signaling result in obesity in Ob/Ob mice (2) and in humans (24) . There are also data from humans showing a role for leptin in satiety and satiation.
In patients with lipodystrophy and leptin insufficiency (22), after 4 months of leptin administration, there was normalization of serum leptin accompanied by a 53% reduction of the time for induction of satiety and 219% increase in the length of time subjects remained satied.
Recent studies provided evidence for a synergistic interaction between leptin and CCK leading to short-term (first 3 hours after eating) reduction of food intake (1). In fact, the satiety action of CCK was entirely dependent on leptin signaling. In a preliminary study, we showed that in the Ob/Ob mice which are leptin deficient, CCK injection alone did not affect short-term food intake, whereas the inhibitory action of leptin in hours 5-7 was similar to lean mice (26) .
Co-administration of CCK with leptin restored the satiety action of CCK. It reduced short-term food intake similar to that observed in the lean mice. Currently, little is known about the site(s) and mechanism(s) of interaction between leptin and CCK on satiety control.
Although there is evidence that both CCK and leptin may act centrally to regulate food intake, the primary site(s) of satiety action of these two peptides is likely on the peripheral terminals of vagal afferent fibers supplying the gastrointestinal tract (1, 8, 21, 33, 36) . CCKAR have been well demonstrated in the rat vagus nerve (40) . Nerve ligation studies show that these receptors are transported peripherally from the nodose ganglia (40) . Furthermore, CCK binding and axonal transport are evident in all abdominal vagal branches (23, 25, 35) . Similarly, the long form of leptin receptors (OB-Rb) has been identified in the vagal nerve (6,7). Burdyga et al.
reported that many of the vagal afferent neurons that express CCKAR may also express OB-Rb (6). Using isolated nodose ganglia neurons, it was demonstrated that CCK activated both A-and C-type vagal afferent neurons (34) . Further, leptin rapidly increased cytosolic calcium in vagal afferent neurons and this signal was synergistically enhanced by the presence of CCK (29) .
Using patch-clamp electrophysiological studies, these investigators demonstrated that leptin reversibly depolarized a subpopulation of cultured nodose neurons; many of which were also activated by CCK (31) . These function studies suggest that vagal afferent neurons are potential targets for leptin-CCK interaction for the control of satiety. It should be noted that all these observations were made on cell culture systems, which may induce artifacts in receptor expression or signal transduction molecules, leading to erroneous interpretations. The extrapolation of in vitro observations to the intact in vivo system is often problematic because of specific physical and chemical conditions used in the cell culture system. Furthermore, the separation of neurons from their extrinsic inputs may have a significant impact on the properties of the neuronal membranes.
Electrophysiology and immunocytochemistry studies have revealed clearly that the nodose ganglia are not homogenous; they contain subpopulation of neurons that express different groups of receptors (5, 28) . Furthermore, similar to CCKAR in the rat pancreatic acini, vagal CCKAR occur in both low-and high-affinity states (19, 27) . The objectives of our study were to determine the distribution pattern of high-and low-affinity CCKAR and their relationship to leptin receptors on the vagal nodose neurons.
We used doses of CCK and leptin which produced blood levels within physiological ranges (13, 30) (12, 15, 39, 41) . All the neurons that responded to low-dose but not high-dose CCK-8
were sensitive to luminal 5-HT perfusion. This suggests the presence of high-affinity CCKAR on vagal afferent fibers innervating the intestinal mucosa but not on those terminating on muscle fibers. It is likely that this group of neurons is involved in CCK-stimulated pancreatic secretion, which has been shown to be mediated by high-affinity vagal CCKAR (11) . On the other hand, vagal neurons that responded only to high-dose CCK were sensitive to gastric distention, suggesting that this group of nodose vagal afferent neurons that contain low-affinity receptors are also muscle tension receptors. Our observations support the findings of Schwartz et al. (32) who reported that JMV-180 completely blocked the gastric mechanosensitive vagal response to arterial infusion of CCK-8.
Our in vivo electrophysiological studies showed that 27% (22 of 82 neurons) of the vagal afferent neurons innervating the gastrointestinal tract were activated by leptin but not CCK-8.
About 50% of these neurons also responded to gastric distention. It is interesting to note that the administration of leptin alone does not seem to affect short-term feeding; however, 5-6 hours after its administration, food intake decreases (1). In addition, to serve as a long-term regulator of nutrient intake, leptin may regulate adiposity and body weight. Some of these functions may be regulated by leptin's actions in the hypothalamus and/or the vagal afferent neurons. It is conceivable that this group of neurons bearing leptin receptors but not CCKAR may be involved in the regulation of some of these functions.
Of the vagal afferent neurons innervating the gastrointestinal tract, 44% (36 of 82 neurons) were activated by both leptin and CCK-8, and most neurons in this group also responded to gastric distention. These neurons responded to high-but not low-dose CCK-8. The synergistic interaction with leptin was blocked by JMV-180, suggesting that these CCKAR are in the low-affinity state. These data provide a neurochemical basis to explain the observation that JMV-180 dose-dependently reverses the effect of CCK-8 on satiety (38) . 
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